In many domains of acoustic field propagation, such as medical ultrasound imaging, lithotripsy shock treatment, and underwater sonar, a realistic calculation of beam patterns requires treatment of the effects of diffraction from finite sources. Also, the mechanisms of loss and nonlinear effects within the medium are typically nonnegligible. The combination of diffraction, attenuation, and nonlinear effects has been treated by a number of formulations and numerical techniques. A novel model that incrementally propagates the fields of baffled planar sources with substeps that account for the physics of diffraction, attenuation, and nonlinearity is presented. The model accounts for the effects of refraction and reflection (but not multiple reflections) in the case of propagation through multiple, parallel layers of fluid medium. An implementation of the model for axis symmetric sources has been developed. In one substep of the implementation, a new discrete Hankel transform is used with spatial transform techniques to propagate the field over a short distance with diffraction and attenuation. In the other substep, the temporal frequency domain solution to Burgers' equation is implemented to account for the nonlinear accretion and depletion of harmonics. This approach yields a computationally efficient procedure for calculating beam patterns from a baffled planar, axially symmetric source under conditions ranging from quasilinear through shock. The model is not restricted by the usual parabolic wave approximation and the field's directionality is explicitly accounted for at each point. Useage of a harmonic-limiting scheme allows the model to propagate some previously intractable high-intensity nonlinear fields. Results of the model are shown to be in excellent agreement with measurements performed on the nonlinear field of an unfocused 2.25-MHz piston source, even in the near field where the established parabolic wave approximation model fails. Next, the model is used to compare the water path and in situ fields of a medical ultrasound device. Finally, the model is used to calculate the spatial heating rate associated with a nonlinear field and to simulate the phenomenon of saturation-induced beam broadening.
INTRODUCTION
There exist a number of theoretical approaches to the problem of plane, cylindrical, and spherical wave propagation in media with attenuation and nonlinearities. Important results and concepts can be found in references such as. The earlier works have been extended to cases of focused or unfocused sources, where diffraction effects cannot be ignored. Treatments of focused sources, including the distortion of the waveform, focal gain, and focal width with respect to the small signal case, were examined in *-6 and others. For unfocused beams, the far-field directivity in quasilinear through hard shock conditions was treated in Ref. furthered the earlier work 9 and used a parabolic approximation with a Fourier series approach that is solved by a backward finite difference algorithm applied to the set of coupled parabolic differential equations. The approach can incorporate a transformed coordinate system that is particularly useful for focused fields, and they have demonstrated fine detail in solutions, including the presence of higher harmonic "fingers" in the focal plane beam pattern.
We have employed an alternative approach to the general problem, in order to gain advantages in computational efficiency, to develop a formalism that does not require the parabolic approximation, and to allow for multiple layer propagations. Basically, our methodology utilizes an incremental propagation of an axially symmetric field from some plane at axial distance z from the source to a parallel plane at distance z + Az. The concept is illustrated in Fig. 1 . The normal velocity radial profiles ui (z,r) of a fundamental (solid line) and higher harmonics u, (z,r) (dashed lines), n = 2 to N, are propagated together in Az steps. Note in Fig.   1 While analytically a repeated convolution over many Az increments is straightforward, the use of discrete, finite length (spatial) transforms requires some modification to avoid convolutional artifacts. This involves "windowing" and sampling issues in the spatial and transform domains and is explored in the companion paper? Frequency-de- 
where q is a constant describing the exponential ramping of the medium attenuation function. This scheme has proven to be accurate and relatively insensitive to variations in q for propagating continuous plane waves, with the only harmonic distortion produced appearing in the highest harmonics included in the propagation (as well as those not included, which are implicitly assigned zero amplitude). The approach should then allow for accurate modeling of nonlinear continuous diffractive fields since the only additional error should be attributable to differential diffraction effects (between the harmonic-limited scheme and a very large, or ideally infinite, harmonic scheme) and very little energy is found in the highest harmonics. The harmonic-limited scheme greatly simplifies, and in some cases makes tractable, the nonlinear propagation of high-intensity sinusoidal sources. For very large amplitude sinusoidal sources involving near-field shocks though, even this harmonic-limited scheme can require excessive harmonics (harmonic requirements rise rapidly to insure the stability of the waveform artifacts associated with a nonzero q under the strong effects of near-field diffraction). In this case, and for the case of nonlinear pulse propagation, a much more stable limitedharmonic nonlinear algorithm has been developed in the time domain.
III. CALCULATION OF THE SPATIAL HEATING RATE
The two substep, incremental nonlinear advancement of a diffractive field can be modified to permit the computation of the temporal average heating rate associated with the ab- 
where the modified power law relation for attenuation (5) is used.
IV. COMPUTATIONAL ISSUES
Several different implementations of the nonlinear field propagation model have been developed. Of these, the most general and practical implementation developed for multilayer medium propagation will be discussed. This model uses the very efficient RFSC multistep diffraction operator exclusively. The resulting algorithm is simply a multistep RFSC linear propagation algorithm (as presented in Ref. 19 ) with a nonlinear substep applied between each RFSC linear substep. To simplify the computation the model allows for a specified radial tapering of the field of nonlinear computation. This tapering can be based on a linear propagation of the field to determine where the field amplitudes are sufficiently large to involve nonlinear effects. Also, the model allows the propagation to be partitioned into several different regions, each with its own medium parameters and propagation parameters. Each region is specified by a starting and ending z coordinate.
The propagation parameters for any given region include the axial step size Az and the maximum number of harmonics Nmax. The reason a maximum harmonic is specified is Fig. 4(a) . Note the scaling of the second harmonic ( X 100) and the discrepancy between the prediction amplitudes that cross at about 20 cm and the measurement points which do not. The corresponding results obtained with our model are depicted in Fig. 4(b) . Our calculation used six harmonics and the normal velocity output was converted to pressure output using the impedance relation. The agreement between the corresponding predicted results is good. The radial harmonic amplitudes at z = 15 cm for the fundamental and second harmonic as measured and predicted by Du and Breazeale are shown in Fig. 5 (a) axis radial distances as on-axis. In both cases, the computed directionalities of the fundamental and higher harmonics were parallel to the z axis over the radial range of interest and thus no differential directionalities amongst the harmonics existed (which is not accounted for in our model). Fig. 16(a) ]. An overlay of the focal plane (z = 10 cm) fundamental harmonic profiles is depicted in Fig. 17(a) . Note the loss in nodal depth associated with increasing nonlinear effects and also the slight shift radially outward (broadening) of the corresponding nodes. A more dramatic depiction of this nonlinearly generated broadening and distortion of the harmonic profiles is shown in Fig. 17(b) . Here the corresponding fourth harmonic am-plitude profiles are overlayed. Initially, the nodal depth increases near the axis as the source amplitude goes from 3-10 W/cm 2, then it decreases as the source amplitude goes up to 30 W/cm 2. Near the axis, the increased source amplitude produces increasing nodal shifts. Far off-axis though, the nodes remain aligned at all three source amplitudes. At intermedlate radial distances there are bulges or shoulders in the profiles of the 10 and 30 W/cm 2 fourth harmonic amplitudes. These are located at about r = 0.5 cm and r = 0.7 cm, respectively. These shoulder regions represent the intersection of the near axis, broadened portion of the profile with the far off-axis, unshifted portion of the profile. 
